The giant panda Ailuropoda melanoleuca belongs to the family of Ursidae; however, it is not carnivorous, feeding almost exclusively on bamboo. Being equipped with a typical carnivorous digestive apparatus, the giant panda cannot get enough energy for an active life and spends most of its time digesting food or sleeping. Feeding and mating are both regulated by odors and pheromones; therefore, a better knowledge of olfaction at the molecular level can help in designing strategies for the conservation of this species. In this context, we have identified the odorant-binding protein (OBP) repertoire of the giant panda and mapped the protein expression in nasal mucus and saliva through proteomics. Four OBPs have been identified in nasal mucus, while the other two were not detected in the samples examined. In particular, AimelOBP3 is similar to a subset of OBPs reported as pheromone carriers in the urine of rodents, saliva of the boar, and seminal fluid of the rabbit. We expressed this protein, mapped its binding specificity, and determined its crystal structure. Structural data guided the design and preparation of three protein mutants bearing single-amino acid replacements in the ligand-binding pocket, for which the corresponding binding affinity spectra were measured. We also expressed AimelOBP5, which is markedly different from AimelOBP3 and complementary in its binding spectrum. By comparing our binding data with the structures of bamboo volatiles and those of typical mammalian pheromones, we formulate hypotheses on which may be the most relevant semiochemicals for the giant panda.
odorant-binding proteins | chemical communication | X-ray structure | proteomics | giant panda T he giant panda Ailuropoda melanoleuca is endemic of China and was formerly classified as an endangered species, now as a vulnerable species, but its population has remained rather stable, although very low, during the last centuries (1) . Its phylogenetic classification has been a matter of debate for some time, but molecular genetic studies have recently shown that this species belongs to Ursidae, of which it represents an ancestral branch together with the spectacled bears, Tremarctos, and the sloth bear (1) (2) (3) . The diets of these species are different from those of carnivorous bears: the giant panda is fully herbivorous, the spectacled bears are mainly herbivorous, and sloth bears feed on termites, fruits, and vegetables. The giant panda also shares with spectacled bears and sloth bears the absence of hibernation, an important characteristic that differentiates these species from other Ursidae (4) .
The obligate bamboo diet of the giant panda, which is not compatible with its carnivorous digestive system, is barely sufficient to provide the energy required for an active life, likely accounting for the slow movements and long periods of rest typical of this species (5) . It has been also suggested that the reduced size of the brain, liver, and kidneys of the giant panda relative to other mammals could be a measure to further reduce the use of its limited energies (6) . The vulnerability of the giant panda as a species is increased by their limited reproduction rate, usually with only a single offspring every other year.
Both feeding habits and reproductive activity strongly rely on chemical signals. Therefore, a study of olfaction and chemical communication in the giant panda can shed light on the molecular mechanisms that are responsible for the unique and anomalous diet of this species compared with other Ursidae. At the same time, understanding the molecular mechanisms of chemical communication mediating courtship and mating could explain the low reproduction rate and may suggest strategies to increase the survival rate of the species. In this context, we have focused our study on odorant-binding proteins (OBPs), a class of soluble proteins involved in olfaction as carriers of hydrophobic odorants and pheromones. Vertebrate OBPs (7-11) belong to
Significance
The giant panda, an endangered species and a popular emblem, still conceals puzzling unexplored aspects. It shares with bears, to which it is evolutionary related, a carnivorous digestive system but follows a strictly herbivorous diet. The low energy obtained from such poor food accounts for its slow movements and probably, a reduced reproductive activity. Feeding and mating are regulated by olfaction, still poorly investigated in this species at the molecular level. Here, we describe two odorant-binding proteins with complementary affinities to different chemical classes and present the 3D structure of one of them. In a reverse chemical ecology approach, which could be adopted for other vertebrates, we use ligand-binding data to suggest putative structures of still unknown sex pheromones. a superfamily of carrier proteins named lipocalins (12) , which includes serum retinol-binding protein, responsible for delivering retinol in the whole body (13); milk β-lactoglobulin, having a still uncertain function; fatty acid-binding protein; and other proteins involved in organism development and differentiation (14) . Vertebrate OBPs share with lipocalins a compact structure made of eight antiparallel β-sheets and a short segment of α-helix close to the protein C terminus (15, 16) . Several pieces of evidence strongly suggest that, in mammals, OBPs are specific carriers for pheromones (17) . The most compelling facts are their sites of production outside the olfactory mucosa in the vomeronasal organ and the nasal respiratory epithelium and the occurrence of the same or very similar OBPs in the nose and in biological glands and fluids releasing specific pheromones. The best examples of this fact are the major urinary proteins (MUPs) of rodents (18, 19) and the salivary lipocalins (SALs) of the pig (20) (21) (22) . In both cases, the same proteins are produced in the nose as well as in the liver (in rodents) or in the salivary glands (in the pig). Indeed, it has been shown that, when secreted outside the nose, OBPs are loaded with specific pheromones (20, 23) , clearly suggesting a common function in releasing these chemical messengers in the environment.
The genome of the giant panda has recently been sequenced (24, 25) , but its annotation is not complete. Thus, preliminary information is available on OBPs and other lipocalins, but no experimental work on such proteins has been reported. Animal behavior studies and chemical analysis of specific secretions have indicated urine and the perianal gland secretions as the biological fluids responsible for carrying semiochemicals. Courtship and mating as well as competition between males are likely mediated by specific pheromones. Scent marks carried by urine and perianal secretions are utilized by both sexes to advertise their presence and status (26) . In female urine, short-chain fatty acids seem to be predominant (27, 28) , while male perianal glands contain medium and long linear aldehydes as well as a number of long-chain fatty acids together with a variety of other chemicals (29, 30) . At present, it is not clear which volatiles might be the best putative semiochemicals.
This work provides a contribution to the study of chemical communication in the giant panda through a structural and functional characterization of its OBPs. In our study, we followed a reverse chemical ecology approach to suggest likely structures for the still unknown sex pheromone through the study of structural and functional characteristics of their binding proteins. In particular, of the six OBPs present in the databases, we identified four in the nose of the animal; the two most abundant ones were produced in recombinant form. We then obtained the crystallographic structure of one of them and the structural model of the other one, and we investigated the ligand specificity and mode of binding of both OBPs, also using selected mutant recombinant products. Finally, we formulate hypotheses on likely pheromone candidates based on the structures of the best ligands.
Results
Sequence Analysis. Starting from genome sequencing results on the giant panda, we analyzed genes present in the National Center for Biotechnology Information (NCBI) database when searching for animal lipocalin homologs. After discarding sequence data for redundant, very short, or very long entries, we obtained information for a total of 36 nonredundant lipocalins, which have sequences that are compared in the tree shown in Fig. S1 . They belong to different subgroups, including retinoidbinding proteins, fatty acid-binding proteins, β-lactoglobulins, and other lipocalins. Six of these sequences were classified as OBPs based on comparison with their orthologs in other mammalian species. Additional sequence analysis and comparison with genomic data highlighted few mistakes regarding the identification of introns and ORFs, which were corrected. A sequence alignment of resulting OBPs is presented in Fig. 1 . As expected, these proteins are divergent between each other (13-26% of identical residues, except for AimelOBP4 and AimelOBP5 sharing 40% of their amino acids) as well as with their orthologs from other species.
A sequence comparison of the giant panda OBPs with counterparts from other mammals showed some similarities, thus suggesting specific functions in chemical communication (Fig. 1 ). In particular, AimelOBP3 is about 54% identical with pig SALs, which are responsible for carrying the sex pheromones androstenone and androstenol in the saliva of the boar as well as for detecting them in the nose (20) (21) (22) . They belong to a subgroup including the rodent MUPs (18, 31) , the hamster aphrodisin (32) , and rabbit seminal protein OBP3 (33) , which are all involved in the release of specific pheromones (11) . Instead, AimelOBP4 is more similar to Von Ebner's gland proteins, which are reported in tear and saliva of mammals (34, 35) and endowed with bacteriostastic function, other than putative but not experimentally shown roles in semiochemical transport (36, 37) . AimelOBP5 is most similar to the human nose OBP1, with 43% identical amino acids (38, 39) . Regarding AimelOBP1, -2, and -6, we could not identify orthologs in other mammalian species, as identities at the amino acid level barely exceed 20%, with the exception of AimelOBP1 and pigOBP1 (34% identity). In general, we observe that bear OBPs present the best sequence matches, in agreement with the currently accepted assignment of the giant panda to the family of Ursidae.
Proteomic Analysis of Body Fluids. To ascertain the occurrence of OBPs in giant panda biological fluids associated with chemical communication, we analyzed samples of nasal mucus and saliva. Total proteins were resolved by SDS/PAGE, excised from the gel, subjected to trypsinolysis, and analyzed for their digests by nanoLC-ESI-Q-Orbitrap-MS/MS. Several OBPs were detected in both secretions.
The complete results of proteomic analysis of A. melanoleuca crude nasal mucus and saliva are reported in Datasets S1 and S2, while Fig. 2 summarizes the OBPs detected in these biological fluids and their migration areas within SDS/PAGE. We managed to map large sequence regions in AimelOBP3, AimelOBP4, AimelOBP5, and AimelOBP6, while we did not find traces of AimelOBP1 or of AimelOBP2 (Figs. 1 and 2). All proteins detected in nasal mucus were also found in the saliva, probably as the result of a biological fluid exchange between nasal cavity and mouth. This was confirmed by Western blot analysis for AimelOBP3, which is present at high concentration in the nasal mucus, but only in traces in two samples of saliva (Fig. S2A) .
Proteomics also revealed posttranslational modifications (PTMs) present in each protein species. In particular, sequence analysis using NetNGlyc 1.0 software predicted the presence of two N-linked glycosylation sites in AimelOBP3 (at Asn36 and Ans51 of the mature protein), the second of which was actually found to be modified with a complex-type N-linked glycan moiety. Fig. 2 shows the MS and MS/MS spectra of some coeluting glycopeptides detected in the AimelOBP3 digest. The complete list of the N-linked glycopeptides detected in AimelOBP3 is reported in Table S1 . N-linked glycosylation of AimelOBP3 was also evidenced by digestion of this protein with N-glycosidase and analysis of the resulting products by SDS/PAGE and Western blot (Fig. S2C) . No glycosylation was predicted for AimelOBP4, AimelOBP5, and AimelOBP6. Nevertheless, a modified peptide with an Nlinked glycan chain was detected in AimelOBP6, which resulted in modification at Asn27. Glycosylation has been observed for other mammalian OBPs (20, 40) . Their most likely function could be to increase the solubility of these proteins, present at high concentrations in body fluids.
Finally, NetPhos 3.1 software predicted several sites of potential phosphorylation in AimelOBPs. Proteomic analysis showed actual phosphorylation of AimelOBP3 and AimelOBP4 at Thr154 and Ser91, respectively. Fragmentation spectra of corresponding phosphopeptides are reported in Fig. S3 . Nonphosphorylated peptide counterparts were also detected. Modified sites in AimelOBPs are indicated in Figs. 1 and 2 . Phosphorylation of mammalian OBPs has been reported in the past (41) and suggested to be a way of modifying the binding specificity of the protein. However, the function of this modification on OBPs still remains to be experimentally shown.
Ligand Binding Studies on AimelOBP3 and AimelOBP5. Based on their abundance in the nasal mucus and on similarities with proteins of chemical communication in other mammals, we decided to functionally characterize AimelOBP3 and AimelOBP5 by using ligand-binding assays (33) . We expressed AimelOBP3 and AimelOBP5 in a bacterial system using synthetic genes because of the difficulties in obtaining samples of fresh tissues from the giant panda. The recombinant proteins were purified by anion-exchange chromatography on DE-52 and Mono-Q columns and used for production of polyclonal antisera, X-ray crystallography, and ligandbinding experiments. We measured the protein affinity toward 40 natural compounds in competitive binding experiments by using N-phenyl-1-naphthylamine (1-NPN) as a fluorescent reporter. Results are summarized in Dataset S3 and Fig. 3 , while all experimental data are reported in Figs. S4 and S5. Both proteins bind the fluorescent probe with high yields and good affinities (Fig. 3A) . The selected potential ligands (Fig. 3B) belong to two classes of structurally unrelated compounds. The first is a collection of plant volatiles, several of which have been identified in bamboo leaves, the exclusive diet of the giant panda. The second group is a series of long-chain aldehydes, acids, and other derivatives, which might include putative semiochemicals. Being that the pheromones of the giant panda are still unknown, we have tested chemicals reported as semiochemicals for other mammals or for insects. AimelOBP3 showed good affinity to both natural terpenoids and long-chain unsaturated aldehydes, these latter being pheromone components for several Lepidoptera. A structurally related alcohol and an acetate as well as a number of linear fatty acids did not bind this protein. On the contrary, AimelOBP5 showed strong affinity to fatty acids in a size-and structure-dependent fashion (Fig. 3 D and E) , while it exhibited weak or no binding to the aldehydes and to most plant volatiles (Fig. 3B) . We can incidentally observe that the binding curves of some fatty acids (Fig. 3D ) exhibit a peculiar behavior, decreasing at low concentrations of the ligands and increasing at concentrations higher than 4 μM. This phenomenon has been previously reported and attributed to formation of micelles when the concentration of the ligand is higher than its critical micelle concentration. Such micelles can encapsulate molecules of 1-NPN, thus enhancing the emitted fluorescence (42, 43) .
The idea that insects and mammals might share structurally related or even identical chemicals as their pheromones is documented by several examples reported in the literature (44, 45) . The simple reason behind this phenomenon is that Lepidopteran pheromones, most of them being unsaturated long-chain alcohols, aldehydes, or acetates, are synthesized from fatty acids, which are important components of the diet of insects as well as of mammals. Other than the well-known example of the elephant pheromone dodecenyl acetate (46) , which is a pheromone component for several Lepidoptera, fatty acids have been reported to act as pheromones in sheep, cow, and buffalo (45) as well as in tiger, lion, and other felids (47) .
Among the plant volatile compounds, citral, safranal, farnesol, β-ionone, and cedrol, all abundantly present in bamboo fresh leaves, exhibit optimal ligand properties. Particularly interesting is the high affinity measured with cedrol. In fact, this compound and its isomer epicedrol are highly represented in spring bamboo, while their levels in winter bamboo are strongly reduced (48, 49) .
Being that the native AimelOBP3 N-glycosylated and phosphorylated unlike the recombinant protein used in binding experiments, we decided to purify this protein directly from the animal nasal mucus and to measure its affinity toward a selection of the best ligands with the aim to verify whether PTMs might affect its binding specificity. The protein was obtained at a degree of purity satisfactory for our purpose (a single band visible on SDS/PAGE) by anion-exchange chromatography on Mono-Q and was further identified by Western blot analysis. Fig. S2 reports the results of the purification (Fig. S2B) and binding assays performed on fraction 8 of the chromatographic separation with a number of ligands (Fig. S2D) . We observe that the native protein is not different in its binding properties from the recombinant OBP; thus, we can reasonably conclude that the glycan moiety of the native protein does not interfere substantially with binding. As for the role of AimelOBP3 phosphorylation, this issue remains an open question, since we were not able to evaluate the extent of this modification, having detected both phosphorylated and nonphosphorylated peptides that are known to present different ionization efficiencies.
3D Structure of AimelOBP3. The crystal structure of AimelOBP3 was solved by molecular replacement using the MUP4 [Protein Data Bank (PDB) ID code 3KFF) as a model and subsequently refined at 2.8-Å resolution (Table S2 ). The entire experiment was performed using a single crystal frozen at 100 K. The stereochemistry was analyzed with molprobity, which indicated that 94.4% of the residues are in the most favorable region and that 5.6% are in the additionally allowed region. The polypeptide chain is visible from residue 4 to residue 164. AimelOBP3 has a classical lipocalin fold (Fig. 4 A and C) , with a β-barrel domain composed of nine β-strands (residues 17-124, 150-154) and an α-helix (130-143) flanking the β-barrel. The C-terminal segment (144-164) comprising the ninth β-strand of the barrel (residues 150-154) and an unstructured region (residues 155-164) follow the α-helix. A disulfide bridge (Cys66-Cys159) links β-strand 4 to the C-terminal segment. The Buried Cavity and the Putative Channel. An electron density is visible in the AimelOBP3 cavity, indicating the presence of an unknown bound molecule. Its size and shape are compatible with trimethylamine N-oxide (TMAO) used for cryocooling. AimelOBP3 possesses an internal buried cavity with no access to solvent. The same feature was found in several other lipocalins, such as MUP (31), bovine and porcine OBPs (15, 16, 50) , and human OBPIIa (51) . Most of the residues that form the walls of the cavity are hydrophobic, with the exception of three polar amino acids (Asn90, Ser73, and Ser122) and two charged residues (Asp87 and Glu120) (Fig. 4B) . In AimelOBP3, the volume of the cavity (392 Å 3 ) is in the middle of the range (300-500 Å 3 ) observed in other lipocalins. This cavity, however, is shielded from the solvent by only three residues: Asp87, Asn90, and Met39 (Fig. 4B ).
Modeling and Ligand Binding of OBP5. Since AimelOBP5 exhibits quite different binding properties compared with AimelOBP3, we modeled its structure from human OBPIIa (PDB ID code 4RUN), which shares 66% of identical residues and 93% of similar residues, thus yielding a plausible model (Fig. 4B ). Despite their different and complementary binding spectra, AimelOBP3 and AimelOBP5 exhibited very similar structures, as can be appreciated by superimposing the models on one another (Fig. 4E) , with only a major structural difference: the segment 31-42 in AimelOBP3 is directed toward the protein interior, while the corresponding stretch is shorter in AimelOBP5 (residues 25-30) and follows a more external path. As a result, the cavity of AimelOBP3 is closed (Fig. 4B) , while that of AimelOBP5 is open (Fig. 4D) .
Design, Expression, and Ligand Binding of AimelOBP3 Mutants. Based on the crystallographic structure of AimelOBP3 and on docking simulations, we designed and prepared three mutants of this protein by replacing either Glu120 or Ser122 with Ala or otherwise, Asn90 with Leu. The recombinant proteins were purified by anion-exchange chromatography and used in binding experiments. All three mutants showed good affinity to 1-NPN, with dissociation constants similar to that of the WT (Fig. 5A) .
Competitive binding experiments were performed with the same set of ligands (linear aldehydes and plant volatiles) used for the WT protein, excluding the 12 fatty acids that were good ligands only for AimelOBP5. Each mutant showed different binding properties (Fig. 5B, Dataset S2, and Figs. S6-S8 ). Replacing Glu120 with Ala produced a major disruption in the binding properties of the protein. None of the good ligands of AimelOBP3-WT showed reasonable affinity for this mutant, suggesting that this amino acid substitution most likely affects the whole binding properties of this protein toward tested molecules, although the affinity to the fluorescent probe 1-NPN was barely modified. When Ser122 was replaced with Ala, instead, we measured only limited effects; Z11-16:Ald became a weaker ligand, while the affinity of citral improved. Conversely, the binding properties of all other compounds were not appreciably modified. The third mutant (Asn90Leu) showed the most interesting behavior. Binding of linear aldehydes was strongly reduced, while affinities of terpenoids remained unchanged or slightly affected (Fig. 5B) .
Ligand Binding Inside the Cavity. The strong binding of long-chain aldehydes to AimelOBP3 and the observation that their affinity was markedly and selectively reduced in Asn90Leu mutant prompted us to model the binding of two linear aldehydes in the cavity of the protein. Z11-16:Ald seemed to be an excellent ligand. From a structural viewpoint, it filled the binding pocket, establishing contacts with most of the cavity residues and accepting a hydrogen bond from Asn90 NH 2 moiety (Fig. 5 C and D) . Z9-14: Ald also fit nicely inside AimelOBP3, and although not entirely filling the cavity, it also established the above-mentioned hydrogen bond with Asn90 NH 2 (Fig. S9) . Whenever the aldehyde group in both derivatives was changed into the corresponding carboxylate and methyl ester counterparts, all compounds were still able to maintain the hydrogen bond reported above; however, they all fitted less properly within the binding pocket of AimelOBP3, as the additional atoms (hydroxyl or methoxy groups) clash with the cavity residues.
Discussion
The giant panda, with an obligate strict diet of bamboo and a carnivorous digestion system, lives on minimum energy at the brink of survival (3). Habitat fragmentation makes such situations worse, with lower food availability and high risk of inbreeding (52) (53) (54) (55) . Both diet and mating are mediated by chemical cues, and a better knowledge of how the giant panda chooses its food and finds its mate can suggest strategies to improve the life of these animals and protect the species.
In this report, we focus on OBPs, soluble proteins acting as carriers of pheromones to the olfactory and vomeronasal mucosa and releasers of pheromones in the environment. Their binding specificity, therefore, may pave the way for the identification of pheromones that are still unknown in the giant panda. We found that AimelOBP3, highly abundant in the nasal mucus, is tuned to two classes of structurally unrelated compounds: plant volatiles and long-chain aldehydes. Among the plant volatiles showing best affinity to AimelOBP3 are several chemicals found in bamboo leaves, such citral, safranal, farnesol, β-ionone, and cedrol. This last compound is one of the best represented in bamboo leaves collected in the spring (when the mating season of the panda occurs), while its concentration drastically decreases in winter (48, 49) . Linear aldehydes (ligands for AimelOBP3 as good as some plant volatiles) are common insect pheromones and might likely act as semiochemicals in the panda.
The other protein studied in this work, AimelOBP5, binds unsaturated fatty acids but not their corresponding aldehydes or the plant volatiles that instead represent the best ligands for AimelOBP3. Thus, the two proteins exhibit complementary spectra of binding.
We still do not know the structures of pheromone components in the panda. Analyses of perianal secretions, used by pandas to deposit scent marks, showed the presence of several fatty acids as well as some aldehydes (27, 29, 30) . We can hypothesize on the basis of the best ligands found for our OBPs as well as on the information available for pheromone components in other mammals that both long-chain aldehydes and their corresponding carboxylic acids might represent suitable candidates.
In the case that long-chain unsaturated aldehydes prove to be the real pheromone components, then the presence of their corresponding carboxylic acids might be the result of spontaneous oxidation in the environment. If this is the case, we can venture and speculate that using AimelOBP3 and AimelOBP5 as two distinct olfactory channels to monitor aldehydes and fatty acids could provide the panda with a sort of clock to evaluate the age of the scent marks.
Our data provide some tools that might be useful for additional investigation of the chemical ecology of the giant panda and suggest putative structures for its pheromones. Moreover, the approach used in this work to search for pheromones by studying their binding proteins suggests a shortcut, which may have wider applications to other mammals and vertebrates. This method would prove particularly useful when dealing with species endangered or difficult to reach, for which it would be difficult to obtain enough biological samples or perform accurate behavioral observations.
Materials and Methods
Biological Material. Samples of nasal mucus and saliva were obtained at Yaan panda base and Dujiangyan base of the China Conservation and Research Center for the Giant Panda (CCRCGP) at Wolong, Sichuan, China. Collection of samples was performed during regular health examination and did not cause discomfort to the animals. Detailed information on panda management can be found elsewhere (56) . In brief, animals were housed individually in pens consisting of an indoor house (6 × 4 m) and an outdoor yard with shrubs, climbing facilities, and a small pond, and they were fed on bamboo, shoots, panda bread (containing nutritional supplements), apples, and carrots. Sample collection was performed according to the regulations of CCRCGP and adhered to the Chinese Regulations and Standards for Captive Animals. All protocols for animal management were approved by the Institutional Animal Care and Use Committee of Beijing Normal University (CLS-EAW-2014-013).
Protein Extraction and Purification. Saliva and nasal mucus samples of A. melanoleuca were extracted with 50 mM Tris·HCl (pH 7.4) buffer and used for SDS/PAGE and Western blotting experiments or purified through Mono-Q column (GE Healthcare Biosciences).
Proteomics. Gel slices were triturated, in-gel reduced, S-alkylated with iodacetamide, and digested with trypsin (57) . Digest samples were desalted by μZip-TipC 18 using 50% (vol/vol) acetonitrile and 5% (vol/vol) formic acid as eluent. Resulting peptide mixtures were analyzed with a nanoLC-ESI-QOrbitrap MS/MS system consisting of an UltiMate 3000 HPLC RSLC nano system-Dionex coupled to a Q-Exactive Plus mass spectrometer through a Nanoflex ion source (Thermo Fisher Scientific). Peptides were loaded on an Acclaim PepMap RSLC C18 column (150 mm × 75 μm i.d., 2-μm particles, 100-Å pore size; Thermo Fisher Scientific) and eluted with a gradient of solvent B [19. 92/80/0.08 (vol/vol/vol) water/acetonitrile/formic acid] in solvent A [99.9/ 0.1 (vol/vol) water/formic acid] at a flow rate of 300 nL/min. The gradient of solvent B started at 3%, increased to 40% over 40 min, raised to 80% over 5 min, remained at this percentage for 4 min, and finally, returned to 3% in 1 min, at which it remained for an additional 20 min. The mass spectrometer operated in data-dependent mode using a full scan (m/z range 375-1,500, nominal resolution of 70,000) followed by MS/MS scans of the 10 most abundant ions. MS/MS spectra were acquired in a scan m/z range 200-2,000 using a normalized collision energy of 32%, an automatic gain control target of 100,000, a maximum ion target of 100 ms, and a resolution of 17,500. A dynamic exclusion value of 20 s was used.
Bioinformatics. MS and MS/MS raw data files were loaded into Proteome Discoverer v 2.1 software (Thermo Scientific) and searched with Mascot v 2.4.2 (Matrix Science) against a homemade A. melanoleuca protein database containing Uniprot and NCBI sequence entries (June 17, 2016). For PTMs discovery, we used Bionics 2.6.46 (Protein Metrics) and PEAKS Studio 8.0 (Bioinformatics Solutions) software. In all cases, we used the following search parameters: carbamidomethylation of Cys as a fixed modification and oxidation of Met, deamidation of Asn and Gln, pyroglutamate formation of Gln, phosphorylation of Ser/Thr/Tyr, and glycation of Asn with common mammalian N-linked glycans as variable modifications. Peptide mass tolerance was set to ±20 ppm, and the fragment mass tolerance was set to ±0.05 Da. Proteolytic enzyme and maximal number of missed cleavages were set to trypsin and three, respectively. Protein candidates assigned on the basis of at least two sequenced peptides with an individual peptide expectation value <0.05 (corresponding to a confidence level for peptide identification >95%) were considered confidently identified. Definitive peptide assignment was always associated with manual spectra visualization and verification. Results were filtered to 1% false discovery rate.
Plasmids and Reagents. Full-length genes encoding mature AimelOBP3 and AimelOBP5 were custom synthesized at Jinsirui Biotechnological Company. Plasmids were sequenced at Sheng Gong. All enzymes were from New England Biolabs. All other chemicals and reagents were purchased from Sigma-Aldrich and were of reagent grade.
Bacterial Expression. The custom synthesized cDNAs were amplified using specific primers bearing enzyme recognition sites (underlined) at both ends: AimelOBP3-Nde: AACATATGCACGAGGAAGGTAACGAC; AimelOBP3-XhoI: AAACTCGAGT-TACGCTTTCTCGCTGCC; AimelOBP5-Nde: AACATATGCAGGACCCGCCGAGCTT; AimelOBP5-Eco: AAGAATTCTTACATGTGGCTGCTGGT. After digestion, they were inserted into expression vector pET30a (Novagen). Protein expression was induced by isopropyl-β-D-thiogalactoside, and cells were grown for another 2 h. After sonication and centrifugation, recombinant proteins, which were mainly present as inclusion bodies, were dissolved in Tris buffer containing 8 M urea and 1 mM DTT and refolded by extensive dialysis against Tris buffer. Proteins were purified by anion-exchange chromatography on DE-52 (Whatman) followed by chromatography on Mono-Q (GE Healthcare Biosciences).
Synthesis of Mutants. Specific mutations were introduced into the gene encoding AimelOBP3 by PCR using the following primers: for AimelOBP3-m1: fw: ATGATGGCACTGAGCGC, rv: TTACGCTTTCTCGCTGCC; for AimelOBP3-m2: fw: GATGGAACTGGCCGCGCGTGA, rv: TTACGCTTTCTCGCTGCC; for AimelOBP3-m3: fw: T7, rv: AACACGAGATAGCCATCGTA. PCR conditions were (i) first step: 95°C for 3 min; (ii) 35 cycles: 95°C for 30 s, 60°C for 30 s, and 72°C for 1 min; and (iii) final step: 72°C for 10 min. The amplified band was excised from the gel, extracted, and used for the second PCR using the following conditions: nine cycles at 95°C for 30 s and 68°C for 6 min and then, at 68°C for 16 min. This second PCR product was digested with DpnI at 37°C for 2 h and used to transform Trans-T1 Escherichia coli competent cells (Tiangen). Colonies containing the expected mutation were used for expression of recombinant proteins.
Fluorescence Binding Assays. Fluorescence was measured on a Horiba Scientific Fluoromax-4 spectrofluorometer using slits of 3, 4, or 5 nm according to the protein and a light path of 1 cm. The pure protein was dissolved with 50 mM Tris·HCl (pH 7.4) at a final concentration of 2 μM. The ligands, dissolved in methanol at the concentration of 1 mM, were added as aliquots to the protein solution. The fluorescent probe 1-NPN was excited at 337 nm, and emission was recorded between 380 and 450 nm. Crystallization and X-Ray Diffraction of AimelOBP3. Diffraction-quality crystals of the AimelOBP3 were obtained by sitting-drop vapor diffusion at 277 K using a Mosquito robot (TTP Labtech) in 2.2 M ammonium sulfate and 0.2 M potassium nitrate at pH 7.0. Crystals were briefly soaked in TMAO before being flash-cooled in a nitrogen gas stream at 100 K. Crystals belong to the hexagonal space group P6 5 22 with unit cell dimensions a = b = 94 Å and c = 114.5 Å. Diffraction data were collected under standard cryogenic conditions on beamline Proxima 1 using a PILATUS 6M detector at the Soleil synchrotron (Saint Aubin, France); 1,000 images were collected with an oscillation step of 0.10°and 0.1-s exposure time. Data were integrated, scaled, and merged using the XDS package (58) . The crystal structure of AimelOBP3 was determined from single-wavelength native diffraction experiments by molecular replacement using MOLREP (59) , with the structure of major mouse urinary protein IV (3KFF) as the starting model. Refinement was performed with autoBUSTER (60) alternated with display modeling with COOT (61) (Table S2 ). Cavity analysis was performed with PISA (62) . Figures were made with Pymol (63).
Modelization of AimelOBP3 Complexes. The ligand structures were constructed using the CCP4 tool Sketcher (64). They were fitted manually within the AimelOBP3 cavity using COOT (61) in the best position to avoid steric clashes and maximize favorable interactions. Geometry optimization was performed with REFMAC (65).
Modelization of OBP5. AimelOBP5 was modeled manually from the human OBPIIa structure (PDB ID code 4RUN) using COOT (61) , and geometry optimization was performed with REFMAC (65) .
